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ABSTRACT 

High-resolution longslit Ha spectra of the shell of the old nova DQ Her have been 
obtained with the William Herschel Telescope using the ISIS spectrograph. An equa- 
torial expansion velocity of 370 ± 14 km s _1 is derived from the spectra which, in 
conjunction with a narrowband Ha image of the remnant, allows a distance estimate 
of 525 ± 28pc. An equatorial ring which exhibits enhanced [Nil] emission has also been 
detected and the inclination angle of the shell is found to be 86.8 ± 0.2 degrees with 
respect to the line of sight. The spectra also reveal tails extending from the clumps in 
the shell, which have a radial velocity increasing along their length. This suggests the 
presence of a stellar wind, collimated in the polar direction, which ablates fragments 
of material from the clumps and accelerates them into its stream up to a terminal 
velocity of order 800-900 km s _1 . 
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1 INTRODUCTION 

DQ Herculis is a classical nova that outburst in 1934. It 
was first detected on December 1 2 of the same year at a 
magnitude of 3.3 (|Campbelllll935h . It then reached a max- 
imum apparent magnitude of 1.4 and declined with a t3 of 
94 days (t3 is the time it takes t he nova to decline 3 magni- 
tudes in b rightness from peak) (|Gapos chkin 195(| see also 
lBeer|[l974l ). DQ Her is the prototype of its own cataclysmic 
variable sub-class of intermediate polars (or DQ Her stars), 
distinguished by a rapidly rotating highly magnetic white 
dwarf (WD) and a companion red star. The powerful mag- 
netic field of the accreting WD (fewxlO 6 Gauss) disrupts 
the inner accretion disc, only allowing m aterial to accrete 
onto its magnetic poles (|Pattersonl Il994l ). As matter piles 
up on the surface of the primary, the increase in pressure 
and temperature in the degenerate layer of accreted hydro- 
gen eventually leads to a thermonuclear runaway (TNR) on 
the surface of the WD, resulting in the e jection of a shel l of 
material into the circumstellar medium (jstarrfieldll 19891 ). 

The components of the central binary system of DQ 
Her have masses of Mwd = 0.6Mq a nd M c = 0.4Mq for the 
WD and the companion respectively (|Horne. Welsh fc Wadd 
1 19931 ). The distance to DQ Her is still a matter of debate. 
Until recently, it was beli eved to be of orde r 400 ± 100 p c 
ilYoung fc Schneiderlll98ll ) and 485 ± 50 pc |Martinlll989l) . 
iHerbig fc Smakl l| 19921 )" however, propose a value of 561 ± 20 
pc. 
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In this paper, we present the results from high- 
resolution longslit spectroscopy of the shell of DQ Her. Ex- 
pansion velocities, physical size and distance were derived. 
Recent studies of winds from WDs in cataclysmic variables 
have also suggested that the accretion disc of the central 
binar y has an important role in the polar collimation of the 
wind (jShlosman fc Vitelloll 19931 : iKnigge fc Drewlll996l ). This 
paper addresses the kinematics of polar tails flowing radi- 
ally out of the shell. Their origin is believed to be the re- 
sult of either ablation of clumps situated on the surface of 
the nova shell by a fast stellar wind, or shadowing from 
the central photoionising radia tion by the dense clumps 
(SI avin. O'Brien fc Dunlopl 19951 ). We here disambiguate the 
mechanism by showing that their velocity profiles are accor- 
dant to wind ablation. 



2 OBSERVATIONS AND RESULTS 

Longslit spectra of DQ Her were taken with the ISIS spec- 
trometer on the 4.2 m William Herschel Telescope (WHT) 
in La Palma, Canary Islands on 1996 August 1-3. This in- 
strument possesses a blue and red arm, allowing simulta- 
neous high-resolution spectroscopy at two different wave- 
length ranges. The TEK-1 and TEK-2 CCD detectors (both 
devices have a useful imaging area of 1024 x 1024 pixels 
for a pixel size of 24 x 24/xm) were used with the R1200B 
and R1200R gratings, achieving a spectral range of approx- 
imately 420 A with a dispersion of 0.41 A per pixel and 
central wavelengths of 4950 A and 6600 A for the blue 
and red arms respectively. This permits study of the H/3 
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Figure 1. (a) The nova remnant DQ Her. The axes show distances in arcseconds relative to the centre of DQ Her. The position of 1" 
width slits are superimposed on the image (see text for details). 

(b) Red-arm ISIS spectrum for slit position 1. The dumpiness in the elliptical shell is clearly visible. We also note the faint presence of 
the [Nil] velocity ellipse centred around A = 6583. 5A on the right hand side of the bright Ha emission. The horizontal dark line going 
through the centre of the image is the continuum emission from the bright central stellar system. The six most visible tails are indicated 
by the arrows. 



(A = 4861.3A) and [Om] 5007 A (A = 5006. 9A) emission 
lines at the blue end, and the Ha (A = 6562. 8A) and the 
two [Nil] lines at A = 6548. lA and A = 6583.5A at the red 
end of the spectrum. The spatial resolution was 0.36 arcsec- 
onds/pixel and each spectrum was taken with an exposure 
time of 1800s. The spectral data were processed using star- 
link software packages. They were bias and sky subtracted, 
cleaned from cosmic rays and then wavelength calibrated 
using a Thorium- Argon calibration lamp. 

A 1200s Ha narrowband (filter FWHM = 55A) image 
of the nova was taken at the WHT on October 25 1997 us- 
ing the TEK-5 CCD chip (1024 x 1024 24 x 24^m pixels) 
and is shown on Fig. [1] (the image was also de-biased, sky- 
subtracted and cosmic ray cleaned). The scale of the chip at 
the f ratio of the camera combined with the WHT was 0.11" 
per pixel, theoretical resolution which is swamped by seeing 
effects of the order of 0.6" - 0.7" estimated from the FWHM 
of stellar profiles on the image. It revealed a very irregu- 
lar, clumpy elliptical shell structure, which had a pinched 
appearance at the equ ator, confirming the observations of 
IHerbig fc Smakl l|l992l ). 

DQ Her is also known to be an eclipsing system l)Walkerl 

1956), which limits the tilt angle of the shell with respect 
to the line of sight to an inclination i ^ 80°, assuming the 
inclination of the shell is the same as the inclination of the 
binary system. It i s in fact believed to b e very close to 90° 
jWood et alj|200d : IHerbig fc Smaklll992h . 



2.1 General structure 

The slit positions are shown on Fig. [1^ and the Ha + [Nil] 
spectrum for position 1 is shown in greyscale on Fig. [Tp. 
The red-arm spectra for positions 2 and 3 are displayed on 
Fig[3 

Gaussian profiles were fitted to the emission lines us- 
ing the manual fitting program longslit. The centroids of 
these Gaussians were then used to calculate the line of sight 
heliocentric velocity (vhel) as a function of position along 
the slit. The position- velocity (p-v) array for the position 1 
Ha emission is displayed in Fig. [3] 

The image and p-v array are consistent with an ex- 
panding ellipsoidal shell seen almost side-on. The ellipse 
appears to be centred on a systemic heliocentric veloc- 
ity v S ys = —20 ± 10 km s . The resulting maximum 
line of sight velocities were found around the equator with 
Vhei = ±(370 ± 14) km s _1 which is close to the expan- 
sion velocity of the system since the shell is thought to be 
viewed at an inclination i w 90°. The expansion velocity of 
the equatorial belt must be somewhat smaller as the nebula 
presents a pinched equatorial waist. 

The major and minor axes are a = 25.31 ±0.44 arcsec 
and b = 18.70 ± 0.44 arcsec respectively (ignoring the pinch 
at the equator, and this will be the case for all calculations). 
The eccentricity of the ellipse is therefore e = 0.674 ± 0.024. 

Assuming a constant expansion rate since the explo- 
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Figure 2. (a) Ha + [Nil] spectrum for slit position 2. (b) Ha + [Nil] spectrum for slit position 3 offset from the central star. The 
equatorial ring enhancement in [Nil] emission is circled (see text). 



sion, a distance estimate can be made. The time between 
outburst in December 1934 and the epoch of the image is 
approximately t = 62.88 ± 0.05 years. Hence the equatorial 
radius of the object is (7.34 ± 0.20) x 10 14 m. Assuming a 
constant expansion velocity of 370 ± 14 km s _1 and using 
the angular size of the nova found on Fig. []J,, the distance 
is d — 525 ± 28 pc. The expansion velocity of the nova in 
the polar direction can also be estimated by converting the 
angular semi-major axis of 12.66 ± 0.22 arcsec to a physical 
size of (9.94 ±0.63) x 10 14 m at this distance and then divid- 
ing by t. This gives v po i = 501 ± 32 km s _1 . Using the same 
method, the expansion velocity for the pinched equatorial 
belt is found to be v eq = 340 ± 14 km s _1 . 

Slit position 3 does not intersect with the bright central 



binary system and hence equatorial features in the spectra 
are more clearly visible. Fig. [2}} reveals variations in rela- 
tive brightness between the Ha and [Nll]6583A emission. By 
comparing emission intensities through aperture photome- 
try, the Ha /[Nil] ratio for the two circled features is 3.4, 
whilst the other clumps typically have a ratio of 9.1 with a 
standard deviation of 0.5. This is evidence for the presence of 
an e quatorial ring enhance d in [Nil] in DQ Her, as seen in FH 
Ser (bill fc Q'BrienllioOol ). iPetitiean. Boisson fc Pequignotl 
( 1990) also claim to have detected an [Nil] equatorial ring 
around DQ Her. An explanation for the origi n of these equa- 
toria l [Nil] enhancements is yet to come (see lGill fc O'Brienl 
l200d) . 

In addition, we note that in Fig. [2}} the blueshifted 
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Figure 3. He* velocity profile of DQ Her for the position 1 spec- 
trum. The ellipse shows the p-v array expected for an ellipsoid 
with the same minor and major axes expanding at a constant rate, 
with expansion velocity proportional to distance from centre (i.e. 
Hubble type expansion law). The dotted line going through the 
centre of the ellipse indicates the systemic velocity of the system 
at —20 km s" 1 . Extended tails at the poles are clearly visible. 
Finally, we can also see emission interior to the shell; see section 
l2~2lfor details. 



component of the equatorial ring lies below the faint stel- 
lar continuum while the redshifted component is situated 
above it. This can be interpreted as having a slit pass- 
ing across a circular ring seen almost edge-on but tilted at 
a slight angle, which enables a measurement of the incli- 
nation of the shell. By measuring the vertical separation 
of the front and back components of the ring, the incli- 
nation is estima t ed at 86.8 ± 0.2 degrees, consistent with 
iHerbig fc Smakl it 1992). This is also in reasonable agree- 
ment with lWood et al.l (2000), who obtain their estimate of 
the inclination of the central binary system at 89.6 ±0.1 
degrees via smoothed particle hydrodynamic simulations. 
This is strong evidence for a direct relationship between the 
central binary and the structure of the extended remnant 
shell. Further evidence for this i nclination can be found in 
ISlavin. O'Brien fc Dunlopl (|l995l ) who measure the inclina- 



tion of the shell to be 81±4degrees from narrowband images 
of DQ Her showing different structural components of DQ 
Her. This implies, along with our results, that the inclination 
an gle of the shell is s omewhat smaller than that suggested 
by IWood et al.l (|2000l ). Fi nally, the equatorial ring i s most 
clearly visible on Fig. le of lSlavinT O'Brien fc Dunlopl (|l995 l ) 
which is taken through a filter whose bandpass is tuned to 
the emission from [Nil] 6583 A. This is strong evidence for 
the existence of an [Nn]-enhanced equatorial ring. 

From the geometrical parameters described previously, 
the volume of the shell is V = (2.24±0.14) x 10 45 m 3 . Assum- 
ing that DQ Her has not been previously contaminated by 
other mass-loss processes and taking an average interstellar 
medium (ISM) density of p — 10 _21 kg m~ 3 , the correspond- 
ing swept-up mass is M swcp t = (1.10 ± 0.08) x 1O _6 M . 
The mass of the ejected s hell is believed to be M s h c n = 
2.2 x 10~ 4 M Q (|Martinlll98"9l ). much larger than the swept-up 
mass, and hence DQ Her should still be in the free expansion 
phase. 

Fig. [4] shows the expansion of the shell's semi-major 
and semi-minor axes as a function of time. The slopes of 
the straight line fits suggest expansion of the shell with con- 
stant velocities of v ma j or — 525 ±37 km s _1 for the poles and 
Vminor = 399 ± 28 km s _1 for the equator. A likely reason 
why these velocities are slightly higher than our measure- 
ments made from the spectra is that the early size mea- 
surements (between t — and t — 40 years) were made by 
measuring the outer angular radius of the shell, whereas in 
this work the midpoint of the emission was used to deter- 
mine the size of the shell. 

We compare the evolution of DQ Her to that of nova 
GK Per (1901) , for which shell radii were also measured 
over time (see lAnupama fc Kantharial 120051 ) . The expan- 
sion velocity of GK Per remained approximately constant 
at ~ 1100 kms -1 during the first 60 years. The mass con- 
tained in its ejected shell is believed to be of th e order of 
10" 4 M Q (|Balnian fc Ogelman|[l999l ; lBalmanll2005l ). which is 
comparable to that of DQ Her. We can thus conclude that 
DQ Her, having a much smaller expansion velocity, should 
be in a free expansion phase for at least 60 years. 

Studies of th e nova shells of V603 Aql, GK Per, V476 
Cyg and DQ Her (|Duerbeckll 19871 ) have suggested that they 
experience strong deceleration from their interaction with 
the ISM, with more rapidly expanding remnants slowing 
down the fastest. However three out of the four distances 
listed have since been revised (see lDownes fc DuerbeckfeoOOl 
for GK Per and V476 Cyg, and this paper for DQ Her), hav- 
ing a direct impact on the velocity calculations. We also 
note that the half-lifetime (time after which the expan- 
sion velocity has dropped to half its initial value) quoted 
cannot be valid for GK Per and DQ Her. Indeed, from 
lAnupama fc Kantharial (120051 ) , the initial expansion rate for 
GK Per is measured at ~ 1150 kms -1 , and after about 
60 years (approximately the half-lifetime quoted), it is still 
~ 1080 kms" 1 , a long way from half its initial value. Sim- 
ilarly in DQ Her where an initial expansion velocity of 
325 km s" 1 is quoted, we find 370 km s" 1 today. Deceleration 
of expanding nova shells is expecte d from interaction with 
the IS M but our results along with lAnupama fc Kantharial 
|2005l ) show that it tends to be much less significant than 
previously anticipated. 
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Figure 4. The expansion of the shell of DQ Her as a function 
of time. Here we have added our measurements (last two points 
on the major axis curve and the last po int on the minor axis 
curve) to figures found in th e literature jMustel &: Bovarchucld 
Il970t IWilliams et al.lll978l and |Puerbecldll987h . As indicated, the 
squares and the dashed straight line fit represent the semi-major 
axis expansion whilst the circles and the solid straight line fit 
represent the semi-minor axis evolution. 



2.2 Tails 



ISlavin. O'Brien fc Dunlopl £l995) were able to remove from 
their images the emission components that presented ellip- 
tical symmetry in order to discover extended tails. They 
argued that these filaments may originate either from an 
inner fast wind breaking through a clumpy shell or, alter- 
natively, may represent regions which are shadowed by the 
dense clumps from the central photoionising radiation field. 
These tails are also clearly visible on Fig. [Tp, [5] and [3] where 
it is also evident that their velocities increase with distance 
from the centre. In the case of tail 1 (see Fig. [Tp) , we can 
see that the magnitude of the line of sight velocity of the 
tail increases along its own length. This supports a model 
in which they are formed by wind ablation of clumps by a 
strong stellar wind. The top central clump in the Ha spec- 
trum of position 2 (Fig. [2^,) also exhibits a structure resem- 
bling a bow-shock, which would be expected in the case of 
a wind flowing past clumps. Velocity profiles for these tails 
were extracted in order to determine whether the material 
is accelerating linearly or approaching a terminal velocity, 
which again would be anticipated in a situation where ma- 
terial is ablated from the clumps and joins the wind stream 
flowing past. 

The results obtained for tails 1 and 3 are presented in 
Fig. [S] This shows that the tails tend to attain a terminal 
velocity at their tips. The ratio of terminal velocity to wind 
stream velocity depends on the temperature contr ast be- 
tween the ablated and stream gas (|Dvson et al.ll200r3 '). and it 
is thus not possible here to measure the wind velocity due to 
the lack of temperature data. The terminal radial velocities 
of tails 1 and 3 were found to be vi = — 280± 15 km s _1 and 
V3 — +265 ± 15 km s" 1 , respectively. The tails appear to be 
most clearly visible on the polar ends of the shell and not 
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Figure 5. Position- velocity arrays for tails 1 (a) and 3 (b). Line 
of sight velocities (x-axis), which have not been corrected for sys- 
temic velocity, are plotted against distance from the central star 
(y-axis). Both tails appear to reach a terminal velocity which is 
believed to be close to the projected wind velocity. 
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Figure 6. Velocity projection along the line of sight for clumps 
on the surface of an ellipsoid. The Ay position of the clumps was 
measured on the spectrum. The geometrical ellipse equation of 
the shell (found from Fig. [TJ was then used to calculate the angle 
a. Because the spectra and image were taken only a year apart, 
the same ellipticity was used proportionally between the datasets 
which was a suitable approximation. 



around the equator. This would also suggest the presence 
of a stellar wind that is collimated in the polar direction. 
Evidence f or the presence o f a win d in DQ Her has been dis- 
covered by lEracleous et al. (Il998l) through the s tudy of the 
Civ emission line and lMukai. Still fc Ringwaldl (120031) from 
the st udy of scattered X-ray emission. Selvelli fc Friediund 
(2003) also report t he presence of a bipolar wind in nova 
HR Del (see however ISlavin. O'Brien fc Dunlo"plll995l whose 
decomposed image of DQ Her (Fig. 2c) reveals equatorial 
tail features). 

Absolute velocities for the tails were derived accord- 
ing to the following method. Our assumed geometry is an 
ellipsoidal shell with its minor axis along the line of sight 
and its major axis perpendicular to the line of sight (see 
Fig- EH), which is the case for DQ Her since i ~ 90°. A clump 
is situated on the surface of the shell lies at an angle a 
from the line of sight. A radially expanding tail emanating 
from this clump will have absolute velocity v and line of 
sight velocity v r = ncosa. By de-projecting the velocities 
measured on Fig. [S] (a = 72° ± 3° for tails 1 and 3), the 
absolute terminal velocities of the tails are thus found to 
be ~ 800 — 900 km s _1 , which could be close to the wind 
velocity. 



interaction between the clumps and the fast wind could also 
be an explanation f or the localised extended X-ray e mission 
regions observed bv lMukai. Still fc Ringwaldl (120031 ). 

We have considered possible evidence for abnormally 
high velocities of clumps close to the poles of the shell 
compared to that expected for a Hubble expansion. Given 
their current positions and velocities, they could have gone 
through an early slower velocity phase and were subse- 
quently accelerated, possibly by the fast collimated wind. 



for nova shell shaping (see 


Llovd. O'Brien & Bode! Il997l; 


iPorter, O'Brien & Bode!ll998 


who consider the effects of a 



rotating WD envelope in the creation of prolate ellipsoidal 
shells). However, the high uncertainties on the velocities and 
positions of the clumps (mostly due to projection effects) 
along with the assumption of axisymmetry prevent us from 
presenting these results as firm conclusions. 

Some aspects of the shell are still to be explained, such 
as the pinch observed at the equator and the [Nll]-enhanced 
equatorial ring. As opposed to the tails discussed above, 
emission extending inside the shell is also visible on Fig. [3] 
These inner clumps can clearly be seen in the spectra (Figs.[T] 
and(2|, the most prominent example being the top clump on 
Fig. [2p. Due to their position in the spectra, these clumps 
are either situated on the surface of the shell but have an 
abnormally low velocity, or are actually inside the shell, 
which is far more likely. The origin of such inner clumps 
and whether they are only located close to the poles or fill- 
ing the whole shell volume is not clear. 
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